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In the present work it is shown that large nnilamellar lecithin/cholesterol liposomes are able to sequester small negatively charged liposomes in 
the presence of divalent cations. Evidence is presented suggesting that the sequestration ecur~ via the formation of membrane invagination~ 
transformed farthe,' into mtrabposomal ves~eleb. 
Liposome; D~valent Cd[lOn; lntcrmembrane lnteractton 
1. INTRODUCTION 
Recently, we showed that lecithin/cholesterol LUVs 
(7:3, M/M) can sequester polynttcleotides in the pres- 
ence of Me -~+ [1]. Both biochemical and microscopic 
data indicate that the sequestered material is located 
within the vesicles derived from LUV membrane invag- 
inations [1]. Here we describe the interaction between 
the LUVs and negatively charged SUVs under similar 
conditions. 
2. MATERIALS  AND METHODS 
E~g yolk PC and PE were prepared aceordia~ to [2-4]. All other 
chemicals used were of analyucal grade. Br-R.N.O wa~ a generous gift 
of Dr. L.B. Volodarsky. NBD.PE was synthe~azed according to Struck 
et al. [5]. PE-R-N-O was prepared by reacting PE wtth Br-R-N-O [I]. 
LUVs were prepared from DPPC/cholesterol (7:3, M/M) by using 
a reverie-phase evaporation technique [6]. SUVs were made from 
PC/DCP (7 5'2 5, M/M) by sonication [7] and, if required, pas~ed over 
a Sephadex G-75 column to remove non-in~apnulated materml 
RBT was detected using donor and acceptor membranes containing 
1% of NBD-PE or Rd-DPPE, respectavely, as described m [6] 
In binding experiment~, LUVs (0.21 mM DPPC) were incubated 
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Abbre),lattons. LUV, large unilamellar vesicle; SUV, small umlamellar 
vesicle; Me'*, divalent metal ~oas; DPPC, 1,2-dipalmitoyl-sn-81ycero- 
3-phosphochohne; DCP, dtcetyl phosphate; PC, egg yolk phosphati- 
dylcholine; PE, egg yolk phosphatidylethanolamin¢; Rd-DPPE, N- 
(lissamme rhodamine B sulfonyl)dipalmitoyl.L-g-phosphatidyletha- 
nolamine; Br-R-N-O, 4-bromomethyl 2,2,3,5,$-pentamethylim~dazol- 
id~,n-l-o,~yl; NBD, 7-ch!ero-~.-nitrobenz-2-oxa -t ,3-dmzole, CF. ca rbo- 
xyllaorc~eein; ESR, electron spin resonance; EM, electron toreros- 
copy; gET, resonance nergy transfer 
wah [3:P]ATP-contammg SUVs (0.225 mM PC) in 10 mM Tri~-HCI 
(pH 7.6)/150 mM sucrose at various CaCi: eon~,entrations for 5 rain 
at 20 °. after which LUVs were either pelleted by ¢entrifugation at
10,000 ×g for 5 rain or made 20 mM in EDTA and washed 3--4 timeb 
by centrifugation attd resuspenslon m 10 mM Trls-HCI (pH 7 6)/110 
mM ~ucrose/20 mM EDTA. The eftic~ency of SUV adsorption and 
~rreversible binding by LUVs was calculated as a l~recntage of LUV- 
assocmted ~~P-rad~o.'~ etwity m lhe former and latter eases, resl~'etively. 
The efficiency of SUV aggregation was measured as a per~ntage of
SUVs pelleted under the ~ame conditions in 10 mM Tris-HCl (pH 7.6) 
in the absence of LUVs. 
In electron microscopy experiments, SUVs (i.5 mg/mi) and LUVs 
(1.5 mg/ml) prepared in 10 mM sodium acetate (pH 4.7) were mixed 
(1:3) and 5/al ahquots apphed to eacbon-eoa~ed di~harg, ed micro- 
scop:c ands Tlnrty seconds later, excess liquid was blotted and re- 
placed with 4-5 ,ill of 1% uranyl acetate which was removed in 30 s 
by blotting. The preparations were air-dried and examined m a JEM- 
100C mierosco~. 
3. RESULTS 
To study the interaction of neatrally charged LUVs 
with negatively charged particles, SUVs of PC/DCP 
mixture (7.5:2.5, M/M) were used. The presence of PC 
was required to diminish the fusion and rearrangement 
of SUVs in the presence of Ca "~+ ions [8,9]. The integrity 
of SUVs at l0 mM CaCl,. was confirmed by using the 
CF fluorescence dequenehing assay at the intravesicular 
CF concentration of 50 mM [10]. No CF release was 
observed under these conditions (not shown). There- 
fore, the aggregation of SUV~ observed b ,  an tncrease 
in the incubation mixture turbidity after the addition of 
greater than 2 mM CaCI., (Fig. la) had little ifany e~et  
on SUV integrity. 
Once initiated at the concentration of CaCI2 over 5 
mM, the aggregation partially persisted, decreasing by 
about 90%, alter the addition of EDTA to the final 
concentration of 20 raM. The fractionation of SUVs by 
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chromatography on Sephacryl S 1000 combined with 
EM revealed a Ca-~+-dependent i crease in the average 
SUV diameter from 27 to 40,5 nm. The resonance en- 
ergy transfer assay with the mixture of SUVs containing 
1% of either NBD-PE or Rd.DPPE [6] has shown signif- 
icant fusion of SUV membranes coincident with the 
aggregation (not shown). 
The incubation of SUVs with LUVs was carried out 
in medium allowing precipitation of LUVs but not 
SUVs by centrifugation. The adsorption of SUVs on 
LUVs, detected by SUYs co-precipitation, was strictly 
Ca~'"-dependent (Fig. 1 b) and inhibited by EDTA (not 
shown). However, EDTA added after Ca -~+ could not 
completely dissociate LUV-SUV complexes. A small 
fraction of the SUYs was found in the pellet even after 
extensive washing of the LUVs with EDTA-containing 
buffer (Fig. lc). The irreversible binding of SUYs corre- 
lated with SUV adsorption (Fig. 1 b,c) and was inversely 
dependent on SUV aggregation (Fig. la,c). Similar iso- 
therms for SUV aggregation, adsorption a d irreversi- 
ble binding were obtained using other divalent metal 
ions, in particular uranyl ions (Fig. ld,e and f, respec- 
tively), 
The irreversible binding of SUVs caused no changes 
in the sell-quenching of  intravesicular CF fluorescence° 
which ruled out the possibility of fusion between LUVs 
and SUVs under the experimental conditions. No mem- 
brane fusion has been detected by a resonance energy 
transfer assay with NBD-PE-labeled LUVs and gd- 
DPPE-labeled SUVs (not shown; [6]). 
The binding experiments with spin-labeled SUVs [11] 
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Fig. 2, Accessibility of irreversibly bound SUVs to l--ions, Fluores- 
eently labeled PC/DCP/NBD.PE SUVs (74,5:25:0.5, M/M) were incu- 
bated with LUV~ and then washed out as described in ~ecuon 2. (n) 
The LUV~ were lesuspended in 10 mM Tris-HCl (pH 7.6)/150 mM 
sucrose to the final lipid concentration of  0.2 mM and utrated with 
5 M KI NBD lluore~cenee wa~ detected at 535 nm (cat,ration wave- 
lensth = 468 am) with a H~taclu MPF-4 m~trument. (b) The mmal 
SUVs were analyzed at the ~ame ltpid concentration. 
showed that, once irreversibly bound, SUVs were 
poorly accessible to a~corbate ions during short-term 
incubation (Fig. 2). Low accessibility, if any, of the 
irreversibly bound 3UVs to small molecules in the me- 
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F,g. 1. Asgresauon {a and d) of  bU Vs and adsorption (13 and ¢) and 
wrever~lble binding (c and 1) of  SUVs by LUVs in tile presence of  
CaCh (open symboh) or uranyl acetate (cloud symbols) were a.',~e~ed 
as described in 5eeUon 2. 
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Fig 3. Aecessibihty of irreversibly bound SUVs to aseorbatc ion~. 
PC/DCP/PE-R-N-O SUVs (74:25:1, M/M)  were incubated with LUVs 
and then washed out a~ de~nb~.~l in secuon 2. The LUVs were resas- 
pended in 10 mM Tns-HCI (pH 7 6)/150 mM .',ucros~10 mM sodmm 
aseorbatc to the final hpid con~mrat ioa of  0.2 mM and the ESR 
s~snal w:t~ measured ill all 1=I4,.-2IJU=-~IRC Bruker instrument at 9.7,~ 
M Hg (a). The initial SUVs (b) and spin-labeled Di'PC/cholesterol/PE- 
R-N-O LUVs (69.30.1, M/M) (c) were analyzed at the s~me lipid 
eoneeatrauon 
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F~g. 4. M~erographs of aranyl ions-mediated SU'V/LUV complexes. SUVs were observed on the LUV surface (a), wahin LUV membrane 
mvagmalions (b), and apparently in the LUV tuner volume ncoated by anadditional m~mbrane { ). Bar--0.03/~m. 
dium was also observed with NBD-labeled SUVs [12] 
probed with iodide ions (Fig. 3). These results strongly 
suggest the location of irreversibly bound SUVs within 
the LUVs. An alternative xplaination might be dehy- 
dration of the SUV surface regions interacting with 
LUVs. However, it seems highly unlikely since no Me ~-'- 
mediated ehydrated contacts between phospholipid 
membranes in the presence of EDTA have been so far 
observed with a variety of experimental systems. 
It has been shown by using aTb/dipicolinic acid assay 
[13] that sequestration of SUVs is not associated with 
LUV fusion. The intensity of terbium fluorescence, 
which was 50-100 times lower than that derived by 
co-sonicating Tb 3~- and dipicolinic acid-containing 
LUVs, was independent of the order of adding CaCI2 
and EDTA. Similarly~ no fusion of LUVs associated 
with SUV sequestration has been detected by using the 
RET technique ([6]; not shown). 
Electron microscopy ~howed that the SUVs incu- 
bated with LUVs in the presence of uranyi ions were 
either (i) adsorbed on the LUV surface (Fig. 4a), (ii) 
sequestered within membrane invaginations (Fig. 41)), 
or (iii) apparently located within the LUVs being ¢n- 
coated with an additional mcmbrane (Fig. ,!¢). It is 
likely that the described structures might appear in this 
order in the course of SU¥ internalization. 
4. DISCUSSION 
The results in this study indicate that neutrally 
charged LUVs can sequester negatively charged vesicles 
as well as polynucleotldes in a Me2+-dependent way. In 
both systems, the sequestration is similarly affected by 
a number of different factors (concentration of Me ~'~, 
LU¥ aggrega~.ion etc.)~ which suggests a common se- 
questration mechanism [1,6]. Generally, one might ex- 
pect that multisite binding of a particle with a phospho- 
lipid membrane would be an essential prerequisite for 
its translocation across the membrane. 
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